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Lane departures are responsible for many side-swipe, rear-end and single-vehicle 12 run-off-road crashes. There is a dearth of research, however, on how lane departures are 13 impacted by roadway alignments. The objective of this paper is to examine which geometric 14 design characteristics, including road alignment at the current segment and the adjacent 15 segments, have significant influence on lane departure. Lane departure data from a total 30 16 drivers were collected from a driving simulator study of a four-lane ( (road alignment at the current position of a vehicle) are improperly designed, e.g. a sharp 55 horizontal curvature with an upward slope, the alignments could lead to unnecessary and 56 excessive lane departures. In addition to the current segment, the roadway alignments at both 57 upstream (i.e. road just passed) and downstream (i.e. road ahead) adjacent segments (termed 58 as 'adjacent alignments' henceforth) may affect lane departure. For example, when two 59 curves with small radii are adjacent or a long downhill alignment is followed by a small 60 radius curve, a vehicle may easily deviate from its lane, especially at a high speed. The 61 combined horizontal and vertical alignments at the current segment and the adjacent 62 alignments are here referred to as 'combined alignments'. has been shown to contribute to lane departure. When, for example, the length needed for 141 deceleration to curve n+1 from curve n is less than the available length, some speed changes 142 from the previous curve will occur (Fitzpatrick and Collins, 2000 standard deviation of 8.7 years), and 3 were female and 27 were male. Wary of the gender 209 imbalance, we estimated two models: (1) all participants (n=30) and (2) male participants 210 (n=27). As no difference was found in the results, we retained the n=30 model. 211 212
Experimental procedure 213
The experimental sessions consisted of three phases: preparation, warm-up, and test. 214
During the preparation phase, participants were informed of the experiment's content, and 215 they completed a questionnaire covering their basic demographic information and driving 216 experience. The warm-up phase entailed a 10-minute dry-run drive to ensure that participants 217 familiarized themselves with the simulator. The final test phase consisted of two driving tasks: 218 one for the northbound (outbound) direction of the freeway segment and the other for the 219 southbound (inbound). In both directions, dry pavement conditions in daylight were ensured 220 with a free-flow traffic condition. The average duration of the test driving for each driver in 221 the simulator was 35 minutes. Participants were asked to drive as naturally as possible. After 222 the experiment, all drivers were asked to complete a second short questionnaire about their 223 experience during the experiment. Over 85% of the drivers reported that the driving 224 conditions and road scenarios were realistic. 225 226
Geometric Design 227
The simulated road was a 24-km four-lane divided mountainous freeway in the 228 southwest of China. The road was designed under China's 2006 MOT specifications for 229 highway alignment, with a design speed of 100 km/h. The simulated stretch of the freeway 230 consisted of horizontal curves with small radii and long downslopes, for a total of 71 vertical 231 and horizontal combined alignments. The longitudinal grades of these alignments ranged 232 from -6.0% to +4.0% in the outbound direction (i.e. -4% to 6% inbound) and the values of 233 the horizontal curvatures ranged from 0 to 2.5 km variables were explored to determine their relationships with lane departure. Descriptive 248 statistics for data elements used in this study are shown below in Table 1 . 249 250
Insert Table 1 Gumbel and type I extreme value distribution (Train, 2003) . The probability that a decision 298 maker n chooses alternative i on a choice occasion t can be expressed as:
The logit choice probabilities are obtained by the following formula: 301 The random-parameters formulations of the MMNL model employs integration of the 312 standard MNL choice probabilities over the assumed distribution of the random taste 313 coefficients in that the probability of n driver choosing alternative i on a choice occasion t is 314
given by: 315 Table 2 for other values where ( | ) is a density function where is the vector of parameters to be estimated 317 that represents, for instance, the mean and standard deviation of a contributory factor. 318
The primary drawback of the MMNL model relates to the fact that the integrals 319 representing the choice probabilities as shown in Equation (4) do not have a closed-form 320 expression and need to be approximated through simulation. One of the efficient simulation 321 techniques is the Halton sequence (Bhat, 2003; Halton, 1960 A total of 143 explanatory variables, as discussed in the data preparation section, were 345 examined. In selecting the final set of variables, many were found to be statistically 346 insignificant at the 95% confidence interval, then the insignificant variables were taken out 347 from the final model (a variable was removed if its p-value was more than 0.05). With the aid 348 of the correlation coefficient matrix, many variables were found to be correlated with each 349 other (e.g. difference in curvature within 200-m upstream and 300-m upstream, shown in 350 Table 2 ). For these correlated variables, we employed the variables one by one respectively 351 and many models were separately estimated. With the examination of their levels of 352 statistical significance through the p-values and the models' goodness of fit (i.e. the log 353 likelihood function at convergence, a larger value of log likelihood indicates a better model), 354 the final set of explanatory variables was attained. We done this process manually rather than 355 using a computer program. To ascertain whether the coefficient of an independent variable 356 was randomly distributed over the observations, a normal distribution was assumed. If the 357 mean and the standard deviation of a coefficient were statistically significant, the variable 358 was considered to follow a random distribution. 359 360
Dataset I (all-alignments) results for lane departures to the left and right 361
Six variables in the all-alignments dataset were found to be statistically significant at the 362 95% confidence interval. These consisted of three categorical variables and three continuous 363 variables. The three categorical variables were: 1) curve direction at the current segment (left 364 vs straight; right vs straight); 2) driving lane (Lane 1 borders the median and Lane 2 borders 365 the hard shoulder); and 3) slope type (upward ≥+2% vs flat; downward ≤-2% vs flat). The 366 three continuous variables were: 1) horizontal curvature at the current segment; 2) difference 367 in horizontal curvature (max-min) within the 300-m upstream adjacent alignment; and 3) the 368 average speed within the 300-m upstream adjacent alignment. The 300-m adjacent segment 369 had the best level of significance as compared to the other segment lengths, based on p-values 370 and the models' goodness of fit. The results are presented in Table 3 below. 371 372
Insert Table 3 about here  373  374 For both left and right lane departures, estimated parameters for curve direction at the 375 current segment and average speed within 300-m upstream segment were found to be 376 randomly distributed by driver. This indicated that driver behavior was not consistent for the 377 effect of curve direction and average speed on lane departure to the left or the right. 378
More specifically, in the lane departure to the left category, the mean parameter of the 379 left-turn curve variable was found to be +2.463 with a standard deviation of 1.625, indicating 380 that the impact of the left-turn curve variable on the probability of lane departure to the left 381 might have a mixed effect. Since the standard deviation of the coefficient is quite large 382 relative to the mean value of the coefficient, there is a high possibility that some of the 383 coefficients would be negative. Since the coefficient was assumed to follow a normal 384 distribution, the Z-statistic was obtained to calculate the area under the normal curve between 385 the mean (i.e. 2.463) and 0 as follows: 386 influence on probability of lane departure to the left for the 93.6% of drivers whereas 6.4% of 390 drivers on the left-turn curves exhibit a negative sign, implying that left-turn curves are 391 negatively associated with the probability of lane departure to the left. Therefore, it can be 392 said that driver behavior with respect to driving on a left-turn curve is not consistent. 393
Variables with fixed parameters show only positive or negative probability for all 394 drivers (e.g., driving on a right-turn curve, all drivers showed a negative sign for departing to 395 left, at the 95% confidence interval Curvature is normally a scalar quantity that takes into account the bending of horizontal 421 curve. Horizontal curve that bend more sharply has higher curvature. Driver behavior was 422 consistent for the effect of horizontal curvature at the current segment, i.e. the probability of 423 both lane departures to the right and to the left were found to be positively influenced by 424 the horizontal curvature. 425
The difference between maximum and minimum horizontal curvature (1/km) within the 426 300-m upstream adjacent alignment was also found to be with a fixed parameter. horizontal curvature at the current segment; 2) the difference in horizontal curvature 445 (max-min) within the 300-m upstream adjacent alignment; 3) speed at the current segment.
446
The results are presented in Table 4 . 447
The parameters found to be random were driving lane and vehicle speed at the current 448 segment. This indicated that the effects of these two variables on drivers' lane departures to 449 the inside and outside of the curve were not consistent. 450 451
Insert Table 4 The parameters of both horizontal curvature at the current segment and the difference in 463 curvature within the 300-m upstream adjacent segment were found to be fixed. Both variables 464 (parameters) had a positive impact on lane departure to the inside. 465 The parameter of speed at the current segment was distributed with a mean of 0.226 and 466 standard deviation of 0.014, i.e. greater speed at the current segment significantly increased 467 lane departure to the outside for 96.9% drivers. High traveling speed on the curve would 468 seem to make it easy for a driver to slip to the outside. 469
DISCUSSION
470
When the results of the models of two data sets are combined, the impact of alignments 471 on lane departure can be revealed accurately. In results of two models, horizontal curvature at 472 the current segment, difference in horizontal curvature in adjacent segments, and downward 473 and upward slope were all found to be with fixed parameters, indicating that driver behavior 474 was consistent for the effect of these variables on lane departure. Curve_Direction (left-turn 475 curve or right-turn curve) had significant effect on lane departure to the left and the right 476
(model results of Dataset I), but had no significant effects on lane departure to the inside or 477 outside (model results of Dataset II). Moreover, the proportion of inside lane departures is 478 81.3%, much larger than departures to the outside (18.7%) and the average speed is the 479 lowest during inside departures (Table 5 ). These results suggest that drivers tend to avoid the 480 possibility of running off the curve by decelerating (Yu, et al., 2012) . 481 482
Insert Table 5 about here  483  484 The difference between maximum and minimum horizontal curvature within 50-m, 485 100-m, 150-m, 200-m, 300-m and 400-m segments of both upstream and downstream 486 adjacent alignments were correlated with each other, and had similar positive effects on lane 487 departure. Thus, twelve models for each data set, based on the 6 different adjacent segment 488 lengths, were separately estimated while other variables in the model were held constant. 489
With examination of their levels of statistical significance through p-value (should be less 490 than 0.05) and models' goodness of fit (i.e. the log likelihood function at convergence, in 491 which a larger log likelihood value indicates a better model fit), the optimum length of the 492 immediate upstream segment was found to be 300 meters, while the difference in horizontal 493 curvature on the downstream alignment was not statistically significant. 494
Using the same p-value and goodness of fit approach, when vertical grades of upward 495 slope and downward slope were defined by ± 2%, the influence of downward slope and 496 upward slope decreased the probability of lane departure significantly. The 2015 Chinese 497
Specification for Highway Safety Audit (MOT 2015) recommends using only two categories 498 of vertical grade, namely an 'upward' grade (≥3%) and 'not upward' grade (<3%). However, 499 as in both of this study's models, the 2% upward slope and the -2% downward slope were 500 found to be statistically significant at the 95% confidence interval, suggesting the MOT 501 specifications should be adjusted. 502
Previous studies on the relationship between vehicle speed and roadway geometry have 503 mainly focused on the characteristics of horizontal alignments, e.g. length of tangent, length 504 of tangent following the curve, horizontal curvature (Fitzpatrick and Collins, 2000; Figueroa  505 and Tarko, 2007). However, downgrade was usually associated with higher speed and 506 upgrade with lower speed (Montella et al., 2014) . Our results found that there was no 507 significant difference for speed on downward slope, upward slope and flat grades (Table 6 ). 508
The lower than expected speed on downward slopes may be a result of the horizontal 509 alignments. 510 511
Insert Table 6 about here  512  513 The coefficients presented in Tables 3 and 4 above have been employed to estimate how 514 the probabilities of lane departure change with variation in the corresponding key 515 explanatory variables, and thus can assist in formulating recommendations for designing the 516 combined alignments common on mountainous freeways. Using the findings in Table 3 , the 517 probability of lane departure to the left can be predicted, for example, for downward slope 518 along left-turn curve in lane closest to the median. all-alignments data and the subset data of curves-only, which was able to provide a much 541 better understanding of the effect of combined alignments on lane departure. 542
According to the results of the two data set models, the main influencing factors are 543 horizontal curvature at the current segment, the difference in horizontal curvature within the 544 300-m adjacent upstream alignment, and downward and upward slope. These variables have 545 found to have a fixed effect, indicating that driver behavior is consistent in these conditions. 546
Specifically, lane departures increase with these horizontal alignments, but decrease with 547 downward and upward slopes. Additionally, driving in the lane closest to the hard shoulder 548 increases the probability of lane departure. A left-turn curve has a significant positive impact 549 on lane departure to the left, and a right-turn curve is likely to cause lane departure to the 550 right, as drivers commonly tend to depart their lanes toward the inside of a curve. 551
The upstream adjacent segment should be considered interdependently in order to 552 reduce potentially dangerous lane departure. The optimum length is found to be 300 meters 553 on the immediate upstream segment. An additional finding that would assist engineers during 554 the design stage of mountainous freeways is that when the vertical grade is divided by ± 2%, 555 the influence of slope on lane departure is significant. 
